The Jura fold-and-thrust belt: 
a kinematic model based on map-balancing 

V. Philippe *, B. Colletta, E. Deville & A. Mascle 


instmu Frangais du Ferrule, Division Geologie-Geochitme. 
3-4 avenue de Bois-Preau, 

F-92506 Rueil-Malmaison Cedex, France 

5,1 Present address Elf Aquitaine Production. 

Division Exploration Production France, 
rouLe des Pyrenees, F-31360 Boussens, France 


ABSTRACT 


The Neogene thin-skinned Jura To Id-and* 
thrust belt is a crescent shaped feature which 
branches off from the Western Alps and almost 
subparallels the deformation front of the Central 
Alps over a distance of 300 km, [is geometry is 
largely preconditioned by the distribution of Trias- 
sic salts which act as a basal detachment horizon. 
Regional balanced cross-sections indicate that bulk 
shortening in the Jura orocline increases from zero 
at Us northeastern termination to about 30-32 km at 
the southern termination of the Central High Jura, 
During the deformation of the Jura fold-and-thrust 
belt, the Moiasse Basin, located between it and the 
Alps, was stably displaced north west wards by a 
similar amount above a basal Triassic detachment 
layer 

Development of the Jura fold-and-thrust belt 
is probably kinematically related to the uplift of the 
basement involving external massifs of Lhe Alps 
which acted as crustal-scale back-stops. Theoreti¬ 
cal considerations and analogue models indicate 
that the initial taper of the undeformed Moiasse 
wedge was equal to lhe critical taper: in contrast 
the initial taper of lhe internal parts of Jura was 


below the critical taper and ihus became the locus 
of strain concentration. Availability of an effective 
viscous basal layer allowed for in- and out-of- 
sequence thrust propagation during lhe Jura defor¬ 
mation . 

Northwestwards displacement of the Jura- 
Moiasse nappe involved radial outward directed 
mass transport, facilitated by wrench faulting. 
South westwards increasing bulk shortening, 
accompanied by an apparently HT clockwise rota¬ 
tion of die detached Molassc Basin, is related to 
Neogene differential westwards displacement of 
the Mont Blanc-Aiguilles Rouges Massif relative 
to the Aar Massif. 


INTRODUCTION 


The northwest verging, arcuate Jura fold-and- 
thrust belt is a typical arcuate mountain range 
which branches off from the Western Alps near 
Chambery and extends over a distance of some 
300 km to the North of Zurich where it dies out 
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near the eastern termination of the Lagern anti¬ 
cline. The Jura Mountains, which form the most 
external part of the West-Centrai Alpine orogen. 
have a maximum width of 70 km. They are sepa¬ 
rated from the Central Alps by the Mnlas.se Basin 
which corresponds to a typical flexural foreland 
basin developed during Oligocene and Miocene 
times. In the western and northern parts of the fore¬ 
land of the Jura the Bresse and Rhine grabens sub¬ 
sided from Late Eocene to Miocene (Aquitanian). 
These troughs are linked by the sinistra! Rhine- 
Saone transform zone (Fig. la). 

The Jura Mountains are upheld by folded and 
thrust Late Triassic to Middle Cretaceous carbon¬ 
ates and shales, fn synclinal areas. Oligo-Miocerte 
elastics are preserved which were deposited in the 
distal parts of the Molassc Basin and a depression 
which linked the latter with the Rhine Gruben. 
During the. compressional deformation of the Jura 
and Molasse Basin, spanning Middle Miocene to 
recent times (the “Jura phase” proper within the 
Jura fold-belt was active between about 10-6 Ma, 
according to Laubscher, 1987; 1993; Burkhurd, 
1990), Middle and Late Triassic evaporites played 
a major role as detachment horizons between the 
allochthonous cover and its apparently non- 
involved substratum, including the Hercynian 
basement, Permo-Carboniferous elastics contained 
in troughs the evolution of which is very complex 
kinematically, and Early Triassic elastics (Fig. lb). 

This paper aims at developing new' (in addi¬ 
tion to some old) geometric, kinematic and dynam¬ 
ic arguments on Jura development, on the basis of 
several sets of data; 


(1) field observations. 

(2) subsurface data ( seismic and drillholes). 

(3) conventionally accepted mechanical mod¬ 
els on fo!d-and-thrust belts and 

(4) analog viscous-brittle models. 

Moreover, we attempt to propose a kinematic 
analysis of the deformation of the Jura thrust hell, 
based on a balanced palinSpastic map constructed 
from a series of restored regional cross-sections. 


Structural Zonalion of the* Jura Thrust Belt 


On the basis of contrasting structural styles, 
the Jura thrust bell can be subdivided into an inter¬ 
nal and an external zone (Chauve et al., 1980); 

The Internal or High Jura is characterized 
by large overthrusts, at least in the southern and 
central parts of the belt, such as the Mont Tendre 
thrust and the Risoux nappe (see Enel. I, section 
n ,; 4 ; Winnock. 1961; Bitterli. 1972). whereas box- 
folds. in which posl-Triassic series are detached 
from the basement, locally affected by reverse 
faults and/or back-thrusts (Laubscher, 1965, 
19771. predominates in the eastern Jura. The transi¬ 
tion to the Molassc Basin is generally sharp where 
Mesozoic series appear to be little affected by 
compressional deformations. An exception is the 
southwestern most part of the Molasse Basin 
w here Mesozoic strata crop out in ramp anticlines, 
such as the Mont Saleve (Guellec el al.. 1989. 
1990a and 1990b; Wildi and Huggenberger, 1993; 
Deville et al., 1994 ). 

The External Jura comprises four tabular 
plateaux which are devoid of major compressional 
structures. These are delimited by an array of nar¬ 
row, strongly leetonized zones, corresponding to 
Late Eocene to Oligocene extensional structures 
which were reactivated during the folding of the 
Jura by convergent wrench and compressional 
movements (the so-called “pm^ees” in the sense of 
Glangeaud, 1949; Chauve and Perriaux, 1974) 
The external deformation front of the Jura is char¬ 
acterized by relatively narrow zones of imbricate 
thrust sheets. Such thrust sheets override the mar¬ 
gin of the Bresse Graben (Lienhardt, 1962; Enay. 
1982; Chauve et al, 19X8; Philippe, 1991) whereas 
upright box-folds encroach on the southern margin 
of the Rhine Graben. 


Evolution and Tectonic History 


The stratigraphic column given in Fig. 3 out¬ 
lines the lithostratigraphy of the Jura Mountains 
and highlights regional and local detachment hori¬ 
zons. Tectonic stress conditions dominating the 


Source MNHN. Paris 
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FIG ] a Schematic structural map of western Alps and foreland 
1-3: Stable Western European eraton (1 hasemem, 2: Autochtonous Mesozoic sedi* 
merits* 3: Tertiary sediments); 4-5: Alpine foreland (4; Mesozoic sediments of Jura 
thrust belt, 5: Neogene molasse); b-7; Subalpine domain (6: Mesozoic sediments* 7: 
basement); 8: Internal Alps and Swiss Prcaips; 9: Southern Alps, 

External Crystalline massifs; Aa: Aar; AR, Aiguilles-Rougcs. Be: BeMedonne; 
MB: Mont Blanc, 

FJG, lb. Schematic cross-section through western Alps and their foreland, along 
the EC0RS deep seismic profile (Bergeral et aL 1990; GueJIec el af, 1990a; modi¬ 
fied ). 


Source ' MNHN. Paris 
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FIG. 2, Tectonic map of the Jura fold-and-thrust bdi (Chauve el aL I9H0, modified) showing location of the cross- 
sect ions. 

1-3: Stable domain fl: Autochtonous Mesozoic cover of the Burgundy platform, 2; Para-autochthonous Mesozoic 
cover of the Avanl-Monls zone and Tabular Jura; 3: Tertiary fill of the Bresse and Rhine grabensi; 4-6: Jura fold-and- 
Lhnisl belt (4: Imbricate /ones (‘‘Faisceaux"), 5: Plateaus, 6: Internal Jura); 7: Neogene deposits of the Swiss Molasse 
Basin; S-9; Subalpinc domain (8: Palaeozoic basemen). 9: Mesozoic cover); 10: Inner Alps and Swiss Prealps- 
Internal Jura BI: Basel Jura; RN: Risouic Nappe; VF; Vuaehe Fault: PF: Ponlarlier-Vallorbc Fault. 

I rubricate zones (‘Tatseeiiux”): AZ: Ambericu Zone; BZ: Besanqon Zone, BuZ: Bugey Zone; FJ; Ferrette Jura; LZ 
Lons Zone; LoZ: Lnmoni Zone; OZ: Orgclcr Zone; QZ Quingey Zone, SaZ; Salins Zone; SZ; 5 yam Zone. 

Plateaux and Tabular Jura: AM Avant Monts /.one; AP: Ajoie Plateau; CP: Champagnole Plateau; LP: Lons 
Plateau; NP: Nozeroy Plateau; OP: Ornuns Plateau, 

External Crystalline massifs: AA. Aar; AR: Aiguilles-Rouges; BEL: BeNcdonne; MT RL: Mont Blanc. 

Cities: A A: Aarau; A-E-8 Ambtfiieu-en-Bugey; AN; Annecy; BA: Basel; B-E-B; Bourg-en-Bresse; BLD: Baumes 
les-Dames; BL Belley; BN: Bern; BS. Besan^on; CHB: Chambery: CHP: Chumpagnole; DJ: Dijon; FE: FerreUe; GE; 
Geneva; LA Lausanne; L-L-S; Lons-lc-Saunitr: NA; N-anttia: PT Ponlarlier; ZD: Zurich 


Source: MNHN. Paris 
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(|) TERTIARY INFILLING OF THE MOLASSE BASIN 

(A) MESOZOIC COVER OF THE JURA FOLD-AND-THRUST BELT AND ADJACENT AREAS 

{BHES 5 E GRABEN AND MOLASSE BASIN) 

FIG, 3, Summary I i (host rati graphic column oi Mesozoic and Tertiary series of l he 
Jura and (he Molasse basin. 

Arrows indicate; potential deco!lenient levels {black arrows show the location of the 
two regional sole thrusts. Eastern Jura Middle Muscblelkalk salt; Central and 
Southern Jura: Early Keuper salt) 

1: Metamorphie basement; 2: Granites; 3: Goal-measures and black shales; 4 Con¬ 
glomerates, pebbles and sandstones; 5: Evaporiles; 6; Massive salt layers; 7 
Dolomites; R: Limestones; 9: Sandstones; 10; Shelly limestones; II: Marls; 12: 

Alternating marls and limestones; 13; Oncoliltc limestones; 14 Keel limestones; 

15: Chcrly limestones; 16: Argdaceous limestones; 17: Nodular limestones; 18: 

Bioclastie limestones. 


Source : MNHN. Pans 
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area of the Jura Mountains during Late Palaeozoic 
to Cenozoic times are summarized in Fig. 4. 

The Jura Mountains and adjacent areas are 
underlain by a basement complex, consisting of 
metamorphic and intrusive rocks, which was con¬ 
solidated during Carboniferous phases of (he 
Variscan orogeny. This basement mainly crops out 
in the Massif Central, the Vosges and Black Forest, 
and in the external massifs of the Alps. In addition, 
il was reached hy numerous boreholes drilled in 
the Bresse Graben. the external Jura and the 
Molasse Basin. 

During Stephanian-Autunian times, a system 
of mainly transtensional, narrow and deep, fault- 
bounded basins subsided in which partly coal-hear¬ 
ing and lacustrine bituminous shales accumulated. 
Detailed structural analyses of Permo-Carbonifer¬ 
ous basins of the Massif Central indicates, that 
they evolved under changing stress conditions, 
causing their partial inversion at the transition to 
the Late Permian (Bles el al., 14X9; Ziegler, 1990). 

Borehole and reflection seismic lines indicate 
that such basins underlay also parts of the Jura 
thrust bolt as well as pru ts of the adjacent Molasse 
Basin (Fig. ft; Arthaud and Matte, 1977; Laub- 
seher, 19X6, 1487; Ziegler, 1990). In northern 
Switzerland, the main Late Paleozoic trough 
("Constance-Frick basin") subparallels the eastern 
part of the bell. Its southern margin has been reac¬ 
tivated in the Early Tertiary and afterwards acted 
as loci for the developement of thrusts during the 
Jura phase iLaubscher, 1986; see Enel. !, sections 
n°7 and n°8), thus controlling structural trends and 
the deformation style of the eastern Jura. 

During the Late Permian, the area of the Jura 
formed part of a northeasterly trending broad 
depression in which essentially continental series 
were deposited. These conditions of continental 
sedimentation prevailed during the Early Triassic, 
but as evinced in the Swiss Jura and Central High 
Jura, llie Buntsundstein overlie discordantly the 
Permo-Carboniferous troughs (see Enel. I. section 
n c 4 ). 

During the Middle Triassic. marine transgres¬ 
sions entered this basin from the northeast as well 
as from the southwest, gising rise to the accumula¬ 
tion of the Muschelkalk carbonates and evaporiles. 
Late Triassic regressive conditions are indicated by 
the deposition of the Keuper red beds and salts. 
During Triassic times the area of sedimentation 


expanded progressively into the domain of the 
Paris Basin and links were established with the 
basin of southeastern France (Dehrand-Passard et 
al., 1984) from which marine transgressions 
entered the area of the Jura at the onset of the 
Jurassic. During Early Jurassic limes, a broad, 
shallow marine shelf was established which 
extended northwards into the Paris Basin and the 
Northwest European Basin. To the south, this shelf 
was limited by the so-called Alemannic high, run¬ 
ning obliquely across the Aar Massif, which partly 
separated it from the Telhys shelves. Regional 
isopach maps and the distribution of Middle and 
Late Triassic salts (Fig. 6) indicate that the area of 
the Jura Mountains corresponded during Triassic 
and Early Jurassic times to a differentially subsid¬ 
ing basin, referred to as the Burgundy Trough. This 
trough formed pan of the regional Triassic-Early 
Jurassic Arctic-North Atlantic and Tethys rift sys¬ 
tem. Upon achievement of crustal separation in the 
Telhys during early Middle Jurassic times, the Bur¬ 
gundy Trough ceased to subside differentially 
Middle and Late Jurassic carbonates and shales 
were deposited on a broad shelf which reached 
from the Helvetic Telhys margin into the Paris 
Basin and southern Germany. These tectonically 
relatively stable shelf conditions apparently per¬ 
sisted throughout Cretaceous times (except proba¬ 
bly in the eastern Jura; Laubscher. 1995, pers. 
comm.), with basin margins being controlled by 
major fluctuations in relative sea-level (Ziegler, 
1990), 

During the Early Paleocene, the Late Creta¬ 
ceous carbonate shelf was destroyed in response to 
the build-up of langential compressional stresses, 
reflecting increasing collisional coupling between 
the Alpine Orogen and its foreland. Resulting 
broad lithospheric deformations caused regional 
uplift of the western Alpine foreland (including the 
area now occupied by the Molasse Basin and the 
Jura Mountains) and deep truncation of the Creta¬ 
ceous and Late Jurassic sedimentary cover. During 
Late Eocene times the Rhine and Bresse grabens. 
which form part of the Cenozoic rift system of 
Western and Central Europe, started to subside 
while thrust-loaded subsidence of [he Helvetic 
Shelf commenced. From Oligocene to Early 
Miocene, the evolving flexural Alpine foreland 
basin expanded northwards. Continued crustal 
extension in the Rhine and Bresse grabens was 


Source 
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FIG. 4. Tectonic events recorded in the Jura domain. 

Black arrows: maximum (si ) principal stress avis; open arrows minimum (s$) prin¬ 
cipal stress axis, 


Source MNHN. Paris 
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FfG 5. Relationship between basemen! faults and the location of the Jura thrust 
from The deep-sealed basement faults in the Bresse graberi are inferred from 
gravimetry data (BRGM, 1980; TruffeU et aL 1990; modi lied). 

I: Autochthonous Palaeozoic crystalline basement; 2 Late Vamcan Permo-Car¬ 
bon ilerous troughs (outcropping, drilled or imaged on seismic profiles); 3: 
Autochthonous Mesozoic cover and Tertiary sediments* 4 Jura fold-and-thrust belt 
and Western Alps; 5: Late Vurisean deep-seated lineaments. 

Boreholes: 1 Paladru; 2: Blyes; 3; Vaux-en-Bugey; 4: Toreicu; 5: Cormoz; 6: 
Buggy IQ!, 7: Bugey 102; 8; Chatlllon; 9: Chaleyriai; 10: La Chandeliere; \ I: La 
Taillaz; 12; Hmnilly; 13: Poisoux; 14; Chamiont; 15: LonsdoSaunier; lfkGrozon; 
17; Valempoutifes; 18: Toil Ion; 19; Essavilly; 20: Laverdn; 21: Chatelhlane: 22: 
Risoux: 23: Treyeuvagttes; 24: Orsans; 25. Bue/ 26: Knoerringue. 


accompanied by the development of the sinistra! 
Rhine-Suone tranform zone which linked them. 
During the Miocene, a tectonically controlled 
depression developed, crossing the area of the 
future Jura in the prolongation of I he Rhine 
Grahen. through which communications were 
established between the latter and the Molasse 
Basin (Ziegler. 1990, 1994 k 


Folding of the southern Jura Mountains initiat¬ 
ed during the Burdigalian as evident by syn-tecton- 
ic Miocene strata located in front of the forlelimb 
of the Gros Foug thrust-fold {Devi lie el ah, 1994; 
see EncL 1. section n°2), The main folding phase 
spanned Seravullian to Tortonkm times (Luubscher, 
1987). However, compresskmal deformation of 
this fold-and-thmst belt continued during Pliocene 
times and, based on geodetic data and morphologi- 


Source. MNHN. Paris 
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cal criteria, persisted into the Recent (Fdurniguet, 
1978: Jouanne et at, 1995). During the develop¬ 
ment of the Jura fold-and-lhrust belt, some Ceno- 
zoic extensional fault systems within the cover 
were compressionally reactivated, in particular Lhe 
Rhuiegrahen faults and flexures (Laubschen 1981), 
thus contributing to its present architecture. 
Moreover, its localization appears to have been 
preconditioned by the geometry of the Permo-Car¬ 
boniferous half-grahens (see End. l t sections n°7 
and n*8; Laubscher. 1986) and the superimposed 
Early Mesozoic Burgundy trough in which the dis¬ 
tribution of Triassic salts, acting as major detach¬ 
ment levels, played an eminent role (Fig. 6), in the 
latest stages of the Jura folding, post-dating thin- 
skin deco I lenient, some of the Permo-Carbonifer¬ 
ous crustal discontinuities were reactivated, 
causing local tectonic inversions of deep-seated 
Late Paleozoic troughs and related uplifts of both 
basement and the overlying deformed cover (see 
End. L section n°3: Philippe, 1994, 1995). 


Geometry and Kinematics of the Jura Fold-and 
Thrust Belt 


As early as 1907, Buxtorf { 1907, 1916) pro¬ 
posed a thin-skinned tectonic model for the Jura 
Mountains, involving detachment of the deformed 
Mesozoic and Cenozoic strata from the basement 
at lhe level of Triassic evaporites. Laubscher 
(1961. 1965) was the first to construct balanced 
cross-sections through this foldbelt and to quantify 
the bulk shortening achieved in it. Moreover, he 
developed the so-called “distant push' 1 (Fernschub) 
hypothesis, according to which deformation of the 
Jura is mechanically coupled with the Alpine oro- 
gen by means of a regional sole thrust, located in 
Triassic evaporites. This thrust extends from lhe 
Alps through Lhe Molasse Basin to the Jura Moun¬ 
tains where it splits and ramps up. As such, he con¬ 
siders the Molasse Basin as forming an integral 
part of the thin-skinned Jura allochthon. An alter¬ 
nate model was advanced by Ziegler (1982, 1990) 
who, based on reflection-seismic data from the 
Molasse Basin, proposed that an intra-crustal sole 
thrust, rooted along the northern margin of the Aar 
Massif extends through the Molasse Basin and 


ramps up into sediments along Lhe inner margin of 
the Jura Mountains. 

In the following we discuss the set of regional 
balanced structural cross-sections and their 
palinspastie restoration, given in End. 1, and focus 
on the relationship between the Jura allochthon and 
the autochthonous basement. These cross-sections 
are based on surface geological data and, where 
available, integrate reflection-seismic and well 
data. 


Section I: Chartreuse Massif - Bas-Dauphine 
Basin 


This profile, which is partly constrained by 
reflection-seismic and borehole data, is located to 
the south of the area where the Jura orocline 
branches off from the Alps. The thickness and 
composition of the deformed sedimentary 
sequence is similar as in the Jura Mountains. The 
autochthonous basement dips gently eastwards 
under the allochthonous Chartreuse Massif. The 
sedimentary fill of the Bas Dauphine Basin has 
been imbricated into a consistently west verging 
stack of narrow thrust sheets which are detached 
from the autochthon at a Late Triassic or more 
likely at an Early Jurassic (Aalenian?) level. Trias¬ 
sic series are extremely reduced and devoid of 
evaporites and rocksalt (see Fig.6). Such a lack oi 
basal ductile layers is responsible of the develop¬ 
ment of a typical high-tapered foldbelt achieved by 
imbricate foreland-verging thrusts, in good aggree- 
mem with analytic models of fold-and-thrust belts 
and accrelionarv wedges (Davis et ah, 1983; Davis 
and Engelder, 1985). The individual thrusts ramp 
up through the entire Mesozoic sequence and do 
not employ subsidiary potential detachment levels 
provided by Callovian-Oxfordian and Berriasian 
marls. 

The total amount of shortening documented in 
this section amounts to some 20 km. 


Source. MNHN. Paris 
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Section 2: Southern Jura 


This profile, which extends from the Savoy 
Molasse Basin to the autochthonous Cermeu High, 
crosses structural elements characterized by differ¬ 
ent transport directions; therefore, strictly speak¬ 
ing, it cannot be balanced. 

The internal Jura is characterized by large 
ramp-anticlines involving the entire Jurassic 
sequence, such as the Gros Fong and Grand 
Colombian structures, which are detached front the 
autochthon at a Keuper salt level. Smaller folds 
and back-thrusts are attributed to the activation of 
secondary detachment horizons. Syn-tectonic 
Molasse series date the onset of folding as Burdi- 
galian (Deville et aI, T 1994), in the eastern pan of 
the section. 

The external, thrust zone is separated from the 
internal zone by the broad Valromey syncline in 
which Neocomian strata tire preserved. The change 
in structural style observed in the frontal imbricat¬ 
ed zone is related to the pinch-out of Keuper salts 
against the He Cremieu High, to thinning of the 
Jurassic sequence due to Paleogene erosion and 
possibly to overprinting of extensions! fault sys¬ 
tems forming part of the Bresse Graben, In the 
more internal parts of this zone, upright detach¬ 
ment folds, evolving into pop-up structures, are 
cored by massif salt. 

On the basis of serial cross-sections in the 
southern Jura (Philippe, 1995), the total amount of 
westwards displacement of the Jura-Molasse Basin 
boundary along this profile is of the order of 22 km 


Section 3: ECORS profile 


This cross-section is constrained by the Jura- 
Bresse ECORS deep re flection-seismic profile 
(Guellec et ah, 1989, 1990a and 1990b: Damotte et 
a!., 1990: Bergerat et ah t 1990; Roure et ah. 1989; 
Tmffert el ah, 1990), It crosses obliquely the sinis¬ 
tra l Vuache-Les Bouchoux wrench zone (BlondeI 
et ah, 1988; Charollais et ah, 1983; Wildi et al., 
1991) which is characterized by significant Mio- 
Pliocene offsets of about 6 km ( higher estimated 


value; Philippe, 1995); this impedes perfect bal¬ 
ancing of this section. 

The architecture of this sector of the Jura 
Mountains is characterized by a northwest verging 
external imbricated zone, which overrides exten- 
sionai structures of the Bresse Grabern and an 
internal zone characterized by thrusts and back- 
thrusts. Folds play a very subordinate role. The 
internal zone of the Jura is clearly elevated with 
respect to its external zone and the Molasse Basin. 
This is quite probably the consequence of partial 
inversion of a Permo-Carboniferous trough during 
the late Jura deformation phases. The presence of 
such a trough is indicated by the ECORS profile 
and the results of the Charmont well, which bot¬ 
tomed in Permian red beds As tuis partly inverted 
trough appears to be strike oblique the axes of the 
thin-skinned fold axes defined in the Mesozoic 
series, its deformation probably occurred alter the 
main phase of the Jura deformation (Philippe, 
1994, 1995). 

Total shortening measured in the detached 
cover in this section amounts to about 32 km. 


Section 4: Mont Tendre - Groton High 


This section is constrained by a number of 
deep wells and partly also by reflection-seismic 
data It clearly illustrates the changes in structural 
style between the internal and external zone and 
the occurrence of intervening, little deformed 
plateaux. 

There is no evidence in this section for inver¬ 
sion of a Permo-Carboniferous trough. The activa¬ 
tion of Keuper evaporates as the major detachment 
horizon is indicated by wells Laveron-1 and 
Toillon-I which penetrated more than 800 m thick 
salt. A second, important detachment level corre¬ 
sponds to Early Jurassic shales, as evident by the 
well Risoux-1 (see Fig. 7a), The bulk of shortening 
achieved in this section is accommodated by fold¬ 
ing and major thrusting in the internal zone, char¬ 
acterized by I he Mont Tendre and Risoux nappes, 
an by semi-rigid translation of the external zone 
which overrides the Bresse Graben margin by 
about 7 km near Lonsde-Saunier (Chauve et ah. 
1988). The allochthony of the Lons, Champagnole 
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and Nozeroy plateaux, which were transported 
northwestwards by more than 10 km along an 
intra-Triasstc sole thrust, without being substantial¬ 
ly deformed, is indicated bv wells drilled in the 
Valempouheres gas accumulation, which produce 
from Muschelkalk dolomites, and the wells 
Essaviily-101 and Chaielblanc-1 (Fig. 7b). As this 
Hat laying thrust plane cuts along trend downwards 
from a middle Keuper level in the south into the 
Muschelkalk before rising back to a Keuper level 
to the north, it probably intersected a set of extern 
sional faults which were active either during Late 
Triassie-Early Jurassic or possibly Eo-Gligocene 
times (Fig,7c). 

The total amount of shortening in this section 
is of the order of 32 km. 


Section 5: Lake Neuchatel - Ognon fault system 


Sedimentary thicknesses and the basement 
gradient shown in this profile are constrained by 
the wells Orsans-1 and Buez-I drilled in the exter¬ 
nal Jura and the well Treycovagnes-1 located in the 
Molasse Basin, There are no reflection-seismic 
data available for this transect. 

The internal zone of the Jura is characterized 
by a succession of major north verging faulted 
folds and associated back-thrusts. These are 
assumed lo be detached from the autochthon at the 
level of Middle Triassic Muschelkalk salts. The 
geometry of these folds suggests a first phase of 
asymmetric detachment folding involving salt 
fiowage in their cores, followed by a phase of 
fault-propagation folding. There is no evidence for 
major thrust sheets as seen in section 4. suggesting 
along-strike northeastwards gradual disappearance 
of the Mont Tendre and Risoux nappes. The exter¬ 
nal Jura is characterized by a large number o( 
NNE-SSW striking sinistra! wrench faults (Fig. 2): 
most of these faults developed during the Eocene 
compressional event ('‘Pyrenean phase ) and were 
reactivated as normal faults during the Oligocenc 
extension. During the deformation of the Jura, 
many of them were transpressianally reactivated as 
sinistra! strike-slip faults within the detached cover 
as it was displaced to the northwest (Tschanz, 
1990: Philippe, 1995), The Jura deformation front 


is marked by a set of small anticlines, striking par¬ 
allel to the orocline. and a large number of NNE- 
SSW striking faults which form part of the 
Rhin-Saone transform zone. Basement faults delin¬ 
eating possible Permo-Carboniferous troughs, were 
apparently reactivated during Oligocene times and 
thus provided for discontinuities in the Tnassic 
detachment levels. As such they guided the loca¬ 
tion of the frontal Bosangon and Ognon zones. 

Cumulative shortening in this cross-section Ls 
about 21 km. 


Section 6: Grenchen Anticline - Rhine Grahen 


This section is essentially based on the one 
published by Buxtorf (1916) and an industry-type 
seismic profile running across the '"Ferrette Jura' 1 
and the southern part of the Rhine Graben. Both 
Keuper an Muschelkalk are involved in the fold 
and thrust structures of the Jura up to its northern 
deformation front where Paleogene sediments o.f 
the Rhine Graben are affected by folding, as seen 
in the Ferrette anticline. Muschelkalk salts acted as 
the major decoupling horizon between the 
autochthonous substratum and the allochthonous 
Jura. 

This transect is characterized by a succession 
of box-folds, resulting from a complex interaction 
of faulting and buckling induced by the presence of 
an efficient basal ductile layer, controlling the 
mechanical behaviour of the overlying brittle stra¬ 
ta, which, in turn, arc interrupted by secondary 
incompetent layers, such as the Oxfordian clays; 
locally these account for disharmonic folding. A 
clear distinction between an internal and an exter¬ 
nal zone is difficult. The broad Delemont syncline 
can be considered as an internal plateau. 

The total amount of shortening in this section 
is of the order of 12 km. 


Section 7; Aura a - Tabular Jura 


This section extends from Lhe Tabular Jura, 
which forms the sedimentary cover of the Black 


Source 
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Forest, across the narrow internal zone of the Jura 
which consists of two main thrust sheets; these 
have been pierced by a road tunnel Reflection- 
seismic and well data indicate that the southern 
margin of the Jura Mountains closely coincides 
with the southern border fault of a major Permo- 
Carboniferous trough, Permo-Carboniferous faults 
were probably reactivated during the development 
of the Rhine Graben to the degree that they dis¬ 
rupted the Triassic detachment levels and thus 
nucleated north-verging thrusts during the Neogene 
deformation of the Jura (Laubseher, 19861 Howev¬ 
er, the offset on such faults was apparently insuffi¬ 
cient to totally clamp down northwards 
propagation of the Jura deformation front. North¬ 
wards the basal sole thrust, which regionally is 
located within the Muschelkalk, rises into Keuper 
and Lower Dogger "opalinus-shales” (Bitterli, 
1990; Jordan et aU 1990: Jordan and Noack, 
19921 

The minimum estimated shortening in this 
section is about 6.5 km. 


Section 8: IMgern anticline 


The ihmsted Lagern anticline is the eastern¬ 
most feature of the Jura orocline. Based on reflec¬ 
tion-seismic data (Muller et al., 1984), it 
corresponds in this section to a typical detachment 
lift-off which is slightly overturned to the North 
(Miihlberg, 1894). A basal heterogeneity, offsetting 
the detachment level, is provided by a set of deep- 
seated normal faults located beneath the Lagern 
structure, coinciding to the southern border of a 
Permo-Carboniferous trough. 

The Lagern anticline accounts for about 2 km 
of shortening; as it dies out to the east this value 
decreases to zero. 

Based on the cross-sections discussed above, 
which are in part constrained by wells and seismic 
data, we fully adhere in principle to the thin- 
skinned distant push model proposed by Laubscher 
(196L 1965) for the development of the Jura fold 
and thrust belt. In order to explain its position in 
the Alpine foreland, it is essential to analyze the 
areal distribution of Tnassic salts which permitted 
detachment of the Mesozoic and younger strata 


from their basement. Isopach maps of Middle Tn¬ 
assic Muschelkalk and the Late Triassic Keuper 
salts, constructed on the basis of well data, show a 
close coincidence with the geometry of the Jura 
orodine, especially in the south of the belt where 
the left-lateral transfer zone achieving the southern 
termination of the Jura thrust-belt is surimposed on 
the limit of Upper Triassic evaporites (Fig. 6). In 
the central and southwestern parts of the Jura, the 
main decoupling level is located at the base of the 
Keuper salts whereas in its northern and eastern 
p^uts middle Muschelkalk salts acts as the principal 
detachment horizon (Laubscher, 1961, 1986; 
Blondel et al., 1988; Guellec et al., 1990a and 
1990b; Jordan; 1992; Philippe, 1994). Under the 
Molasse Basin, both salt layers decrease rapidly in 
thickness towards the south and disappear entirely 
near the Alpine deformation front. 

The configuration of the external deformation 
front of the Jura fold- and thrust belt is highly vari¬ 
able. Whereas the margin of the Bresse graben is 
overthrusled to various degrees, the external ele¬ 
ments of the northern and northeastern parts of the 
Jura bump against the undeformed foreland, corre¬ 
sponding to the Tabular Jura (Fig. 2), The Ognon 
and Lomont fault zones appears to coincide with 
pre-exisling normal fault systems which were part- 
ly inherited from Permo-Carboniferous times and 
were tension ally reactivated during the Paleogene 
subsidence of the Rhine-Bresse system of grabens. 
These fault systems played an important role in the 
nucleation of ramping-up thrusts. The southwest¬ 
ern swing-back and termination of the Jura fold- 
and-thrust belt was apparently preconditioned by 
the pinch-oul of Keuper salts against the lie 
Cremieu High. Similarly its northeastern termina¬ 
tion is probably related to thinning of the Muschel¬ 
kalk and Keuper evaporites below a critical 
thickness. 


Theoretical and Analogue Mode! 
Considerations 


Palinspastically restored cross-sections 
through the Jura fold-and-thrusl belt and the 
Molasse Basin indicate that, prior to their deforma¬ 
tion, they had the geometry of a northwestwards 


Source. 
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tapering wedge which was underlain by a relative¬ 
ly smooth basement. 

A possible explanation of both the interposi¬ 
tion of the Molasse Basin between the Western 
Alps and the Jura foldbell and contrasting structur¬ 
al styles of High Jura and Plateau zones can be 
provided by results of conventional models of 
accretionary wedges and fold-and-thrust belts. 

Hubberl and Rubey (1959) showed that the 
maximum length of a rectangular body of rocks, 
undergoing rigid displacement on a horizontal 
plane, depends on the pore pressure at its base. 
From this follows that a thrust sheet, exceeding 
this critical length, will be internally strained 
according to its rheological properties. The critical 
taper model of Davies el al. (1983) stipulates thai 
such internal deformation results in the develop¬ 
ment of an, in cross-section triangular, accretionary 
fold-and-thrust bell which continues to thicken 
unlil a critical taper is attained. Depending on the 
rheology and/or pore pressure al the base of the 


undeformed foreland sedimentary wedge, the latter 
can be detached from the basement and slides for¬ 
ward together with the internally deformed foldbell 
(Fig. 8). In such a model the internal Jura corre¬ 
sponds to an accrctionarv foldbell while its exter¬ 
nal zone represents the internally little deformed 
foreland wedge, the length of which depends, 
according to Hubbert and Rubey (1959), on the 
rheology of the detachment level. As at depths 
greater than 2 km and under geothermal gradients 
of 20 to 30°C/km the shear strength of salt is 
smaller than ! MPa (Carter and Hansen. 1983), it 
is plausible that bulk detachment of the external 
Jura occurred once the interna! Jura fold-and-thrust 
beh had attained a critical taper (topographic 
relief!. Yet. as the external Jura has undergone con¬ 
siderable internal deformation, concentrated on 
pre-existing discontinuities, it cannot be regarded 
as a completely homogeneous rigid body, as 
assumed in the model of Hubberl and Rubev 
(1959), 


Application of thU critical tapet model (Davis et al. 1983) io Ihe Jura foLd-and-thmsi fcelr: 



FtG. 8. Critical taper model nf Davis et ul- (1983) applied io the Jura fold-and- 
thrust belt. 
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However, as ihe Jura fold-and-thrust belt is 
separated from the Alps by the apparently little to 
undeformed Molasse Basin, the problem of stress 
transmission from the external Alpine massifs 
(Aar, Mom Blanc, Aiguilles-Rouges, Belledonne) 
to the Jura Mountains requires special attention 
(Laubscher, 1961, 1972; Mugnier, 1984; Mugnier 
and Vialom 1986). To this end, a mulLi-layered 
analogue model was constructed in which lime¬ 
stones and sandstones are represented by sand and 
glass powder and rocksalt by silicon putty, The 
thickness of the basal silicon putty layer was varied 
according to the isopach of the Triassic salts. An 
essentially uniform thickness was assumed for the 
Mesozoic carbonates and shales. The Tertiary fill 
of the Molasse Basin was simulated by a left taper¬ 
ing wedge, pinching out near the middle of the 
model. The domain of the Jura Mtns. is represented 
by the left side of the model. This model was 
deformed at low strain rates U-2 mm/h) by dis¬ 
placing a vertical back-stop from the right to the 
left, simulating the horizontal push of the external 
Alpine massifs. At several sLages during the defor¬ 
mation of this model, transverse cross-sections 
were imaged by means of X-ray tomography (see 
Codetta et af, 1991). 

Figure 9 shows the evolution in a vertical 
cross-section of this model and demonstrates that 
deformations are entirely concentrated on its left 
part, simulating the Jura thrust belt, whereas the 
right part, corresponding to the Molasse Basin, is 
moving to the left without undergoing internal 
deformation. It is also evident that deformations 
are initially concentrated near the thin end of the 
Molasse wedge but do not develop strictly in 
sequence. Unlike brittle models, which are charac¬ 
terized by in-sequence thrust propagation, models 
involving ductile detachment levels show a disor¬ 
derly thrust sequence of thrust propagation and are 
characterized by the development of pop-up struc¬ 
tures carried by fore- and back-thrusts (Ballard et 
al . 1987; Colietta et af, 1994), During the late 
stage of the model, deformation migrated towards 
its left boundary and stopped at the limit of the sili¬ 
con layer representing Triassic salts; at the same 
time the more internal structures continued to 
grow, The final stage of the model bears consider¬ 
able similarities with the structural style of the 
Central Jura, 


From this analogue model we conclude that 
the combination of a rapering Molasse Basin 
wedge and the presence of a basal viscous layer is 
responsible for the stress transfer to the Jura Moun¬ 
tains. Whereas fhe initial taper of the undeformed 
Molasse wedge was equal to the critical taper, the 
initial taper of the internal pans of the Jura was 
below the critical taper With progressive deforma¬ 
tion of the internal jura, the belt reached, in cross- 
section, a critically tapered prismatic shape and 
consequently its external parts (i.e. the so-called 
Plateaux) were detached from their substratum and 
transferred to the northwest over 10 km (see 
EncL L section n°5), 


3-Dimensionat Palinspastic Restoration 


3D restoration of oroclinal fold be Its has to 
contend with inherent space problems and requires 
detailed knowledge about the direction of mass 
transport in space and time. 

Microtectonic analyses indicate a radially 
diverging mass transport (Fig, 10; Plessmann, 
1972; Meier, 1984; Tschanz, 1990; Philippe, 1994, 
1995) which is consistent with the trend of stress 
trajectories inferred from major fold axes (Laub- 
scher, 1972). Palaeomagnetie data do not reveal 
noteworthy rotations (Johnson et al. T 1984; Elderge 
ei af, 1985; Gehrmg et al., 1991), Based on this, 
we conclude that the finite displacement map, 
derived from this data, reflects the centrifugal 
translatory motions of the different thrust elements 
making up the Jura fold-and-thrust belt, and that 
sinistra! radial faults account for divergent com¬ 
pression in the external parts of this orocline, Lat¬ 
eral expulsion of Mesozoic series in the southern 
and northern Jura arc argues in favour of their 
decoupling from the autochthonous substratum. 
This is further supported by in situ stress measure¬ 
ments which demonstrate that the orientation of the 
principal horizontal compressional stress axes 
observed in the detached Mesozoic series differs 
from the one recorded on the underlaying base¬ 
ment (Becker et af, 1987; Becker, 1989), Although 
the present sLress field of Western Europe is domi¬ 
nated by NW directed trajectories of maximum 
horizontal compression (Muller et al., 1992; RcbaY 


Source. MNHN. Paris 
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FIG 9, Evolutionary cross-sec lion of an analogue mode! simulating the horizon¬ 
tal push exerted by a backstop on the Alpine foreland (see text for explanation) 


Source. MNHN Paris 
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FIG. 10. Grid-map of the Mto-Piocene principal stress axes in the Jura fold-and- 
thrust belt based on sivlolitics peaks (compiled after Plessman, 1972: Meier, 1984; 
Tschanz, 1990; Philippe, 1994, 1995), 


et aL ? 1992), vertical strain-partitioning in the 
detached sediments of the northern Jura can devi¬ 
ate as much as 50° front this regional stress field. 

We have applied the map balancing method 
developed by Laubseher (1965) and refine by Baby 
et ah (1993). In a first step ihe study area was sub¬ 
divided into structural units delimited by frontal 
and rearward thrust faults and lateral strike slip 
faults (Fig, 3 la). In a second step, the amount of 
shortening achieved within and between the differ¬ 
ent units (related to cumulative internal foldings 
and displacements along thrusts and back-thrusts) 
was derived from restored cross-sections (see 
Ends. 1 and 2); determined values may have an 
error margin of up to 25%, depending on the 
restoration method used. In the third step all units 


were retrodeformed and moved back to their pre¬ 
deformation position along transport trajectories 
indicated by micro- and macrotectonics 

Iterative steps in retro-deformation of the Jura 
orodine show that, although radial forwards dis¬ 
placement of the different units played a dominant 
role, additional transpressional deformations along 
major wrench faults (from NW to SE: Caquerdle, 
Pontarlier-Valorbe, Vuaehe-Les Bouchoux and 
Culoz faults), resulting in small-scale rotations 
and/or shear deformation, must be invoked in order 
to. explain the kinematic evolution of the arc. In 
view of the importance of these wrench faults, 
units bounded by them were linked into blocks as 
shown in Figure 11b. The transport trajectories 
implied by this final palinspastic model corre- 


Source. MNHN. Paris 
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FIG, 3 fa. Structural map of the Jura. Ibld-and-thrusi belt divided in surface units. 
Finite displacement values are calculated from the Fig t lb 


sponds closely with those derived from micro- and 
macrotectonic analyses (compare Fi£* lie and 
Fig, 12), 

We conclude that radial, outwards diverging 
l ran sport directions, facilitated by detachment of 
the Mesozoic and Cenozoie sediments from their 
basement and the early activation of a system of 
wrench faults facilitated the development of the 
Jura orodine. Some of these faults may correspond 
to pre-existing features fe.g. Vuache-Les Bou- 
ehoux fault: Charollais et al., 1983; Blondel et ah, 
1988: Rhine graben faults; Laubscher. 1981) 
whereas others (e.g. Potitarlier-Vallorbe fault: 
Laubscher, 1961) may have initiated during the 
early phases of the Jura deformation as ihcir angu¬ 
lar relationship to the strike of folds conforms 
closely to the Mohr requirement for lateral exten¬ 
sion in a divergent system (Laubscher, 1972). 

Our 3D palinspastic restoration of the Jura arc 
implies a 10° clockwise rotation of ihe Jura and 


Molasse sedimentary prism around a pivot located 
near the eastern termination of the Lagem anticline 
(this was advocated already by Laubscher in 1965 
who estimated the amount of rotation to about T). 
However, no longitudinal extension required south 
of this rotation axis is far from being demonstrated. 
Therefore, such a rigid clockwise rotation of the 
detached sediments of the Plateau Molasse is cer¬ 
tainly in fact accommodated by significant wrench 
faulting and/or homogeneous dexlrul shearing 
deformation, as not illustrated by the proposed 
final palinspastic map {for further discussions, see 
Burkhard, 1990). A large number of (strike-slip?) 
faults seems to cross-cut the Molasse Basin, 
according to published tectonic maps le.g. Matter 
et aL 1980; Jordan. 1992); Even so, their precise 
signification and implication in decollement tec¬ 
tonics of the Jura-Molasse nappe remains under 
considerations. 
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FIG. lib. Final restored map. 

Geodynamic Implications and Conclusions 


Compressional stresses exerted on the Alpine 
foreland resulted in detachment of the Molasse 
Basin from its basement. Acting as a relatively 
rigid unit, its northwestwards displacement caused 
deformation of the sediments covering the Jura 
domain and uplift of the Molasse Basin {Laubsch- 
er. 1961; Muller and Briegel. 1980; Muller and 
Hsii, 1980; Trumpy. 1980). Lateral changes in hulk 
shortening achieved in the Jura orocline indicate a 
southwestwards increase in displacement of the 
Molasse Basin reaching a maximum of about 
35 km south of Geneva where the Molasse Basin is 
internally deformed, as indicated by the Saleve and 
Montague d'Age ramp anticlines (Guellec et al.. 
1989. 1990a; VVildi and Huggenberger. 1993; Dev¬ 
il !e et al., 1994). In contrast, to the east of the 
Lagern, the structural style of the Molasse Basin is 
characterized by an orogen-ward dipping mono¬ 


cline and a well developed thrusted suhalpine tri¬ 
angle zone (Baehmann et al.. 1982; Burkhard. 
1990: Slituble and Pfiffner, 1991). 

Large-scale clockwise rotational displacement 
of the Molasse Basin is assumed to be kinematical¬ 
ly related to the coeval uplil'1 of the basement¬ 
involving ramp anticlines forming the external 
Alpine Aar, Belledonne and Mont Blanc-Aiguilles 
Rouges massifs. These acted as crustal-scale 
mobile back-stops during the deformation of the 
Jura nappe (Menard. 1977, 1988; Doudoux et al., 
1982; Rome et a!., 1989; Guellec el al., 1990a). 
Neogene differential westwards displacement of 
the Belledonne-Mont Blanc-Aiguilles Rouges 
block relative to ihc Aar Massif along the dextral 
Simplon Rhone shear zone, located in front of the 
mtra Alpine Ivrea-Insubric-Periadriatic lineament 
(Fig. 12), accounts for the observed strain increase 
in the central and southwestern parts of the Jura 
orocline. A schematic interpretative model about 


Source. MNHN. Paris 
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FIG ] IC- Finite displacement vectors derived from Figure I lb. 


the geodyftamic evolution of western Alps could 
be summarized as following: 

(1) northwards motion and counterclockwise 
rotation of about 34° of the Apulian 
promontory. 

(2) westwards thrusting anf counterclockwise 
rotation of about 25° of the external Alpine 
massifs (lateral expulsion in front of the 
Apulian promontory), 

(3) right lateral movements along the Sim- 
plon-Rhone Line between Aar-Gothard 
and Ml Blanc-Belledonne massifs. It 
immediately follows 

* a clockwise rotation af about 10° of the 
Plateau Molasse. 

* indentation* shortening and displacement 
of the thin Jura cover towards the north¬ 
west, and 


. centrifugual thrusting in the external 
parts of the Jura thrust belt accommodat¬ 
ed by the onset of radial left-lateral 
strike-slip faults (strain-partitioning). 

The set of surface and subsurface data at our 
disposal upon which we based the interpretations 
lead to the following outcomes: 

(11 The development Jura fold-and thrust belt 
is governed by the distribution of Triassic e vapor- 
lies, particulary rocksalt; the major transfer zone 
accommodating the southern termination of the 
bell is superimposed on the southwestern limit of 
the Keuper evaporites* All direct observational 
data show that the oldest rocks exposed in the Jura 
and implied by folds and thrusts are Triassic evap- 
orites. This is also supported by distinct geometric 
analysis of some folds for which the calculated 
depth of detachment is in any case closely connect- 
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RG !2 Me gate clonic map illustrating indenter effect of West Alpine Lire and 
position nf Jura Fold-belt relative Lo the External crystalline massifs and Simplun- 
Rhone line (see text for explanation). 

The palinspaslic reams iitu Lion oF the Periadriafie line and External crystalline mas- 
si Fs is based on Vision ct al. (I9£9f 
SRL: Simplon-Rhone Line, 

External Crystalline massifs: A A Aar-Goihard massif; BEL Bellcdonne; MR: 
Mom Blanc - Aiguilles-Rouges massifs: Per Peivoux massif. 


Source. MNHN. Paris 
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ed to the location of Triassic evaporites (Laubsch- 
er, 1965, 1977: Mitra and Namson, 1989; Epurd 
and Groshong, 1993), The Risoux 1 well, located 
on top of an abnormal structural high in the central 
Jura (see Enel, 1, section n°4L has revealed a 
duplication of the Mesozoic cover thanks to a 
major flat using Keuper salt and/or Early Jurassic 
shales. Moreover a large number of drillholes have 
evidenced northwestwards displacement of about 
10 km of the Mesozoic cover above a regional TrT 
assic decollement level, both in the central Plateau 
zone (Fig, 7) and the western frontal part of the 
thrust belt (Michel et al., 1953; Chauve et ah. 
1988, see Enel 1, section n°4 ), 

(2) The arcuate shape of the Jura thrust belt 
and the radially diverging mass transport of the 
Mesozoic cover is clearly indicated by microtec- 
tonic analysis (Fig. IQ) and measurements of in 
sit li rock stresses, 

(3) The set of regional cross-sections present¬ 
ed in Enclosures 1 and 2 demonstrates significant 
lateral changes in the deformation sLyle of the Jura 
fold-and-thrust belt. These are largely related to ihe 
nature of the detachment level, (he amount of bulk 
shortening and ihe thickness and rheological com¬ 
position of the deformed Mesozoic sequence, with' 
out taking into account a significant involvement 
of basement. Lateral changes in bulk shortening 
measured in the Jura cover is only made possible if 
the latter is completely decoupled from its base¬ 
ment. 

(4) As ev idenced by industry-type reflection - 
seismic lines and the ECORS Alp-2 profile (Guel- 
lec el uL 1990a and 1990b: Dcville et ak. 1994). 
the Safeve and Montague d*Age anticlines emerg¬ 
ing through the Savoy Molasse Basin, correspond 
to typical fault-propagation folds related to a sole 
thrust hosted in Keuper beds, thus demonstrating 
detachment of the Mesozoic and Cenozoic strata 
from the basement at the level of Triassic evapor¬ 
ites beneath the Molasse Basin. In the same way, 
reflection-seismic data in the eastern Jura (Muller 
et aL 1984; Laubscher, 1986) have dearly imaged 
decoupling between the post-Tri assic cover and its 
basement (see Enel. L sections n°7 and n a 8). This 
is fully supported by microscopic analysis of 
important shear zones in the basal Triassic evapor¬ 
ites, encountered by boreholes in the Plateau 
Molasse south of the eastern Jura (Jordan. 1992), 


(5) The critical taper of a thrust wedge is relat¬ 
ed to the basal shear strength and in the Jura it is so 
low as to almost disappear The only rocks which 
can provide such a low shear strength are evapor¬ 
ites, especially salt. Where evaporites are lacking, 
as below the western Chartreuse massif, where 
decollement follows Triassic or Liassic shales, the 
critical taper increases dramatically and thrust 
sheets are piled up on each other. As evaporites 
underlie Molasse Basin, they provide detachement 
of the latter rather than a highly tapered pile of 
thrust sheets at its southern margin. 

(6) Simple viscous-briitle analogue models 
validate the dynamic arguments based on observed 
critical taper and are able to simulate deformation 
of the Jura nappe system, of which the Molasse 
Basin apparently forms an integral part. Moreover, 
they demonstrate the role of obstacles in the 
decoHemem layer for nucleation of thrusts. Such 
obstacles have been found to consist of faults and 
flexures of the Rhin-Saone transform zone iLnub- 
scher t 1986: Noaek; 1989; sec Ends. 1 and 2, sec¬ 
tions n G 5, n c 7 and n°8). Intrabasement thrusting 
would not be affected in this way, as no weak layer 
parallel to the top basement can reasonably be 
expected to have been present and displaced in a 
way analogous to the Triassic evaporites. To a cer¬ 
tain extend. Late Paleozoic coalbeds could provide 
decollement of the Molasse Basin hut such rocks 
are far from being uniformly distributed over the 
whole area; therefore they cannot be assumed to 
play a role comparable to that of Triassic evapor¬ 
ites. 

On the basts of reflection-seismic daLa from 
the Molasse Basin, an ahernuie model is advanced 
by some of our Swiss colleagues: they propose an 
intra-crustal sole thrust, rooted along the northern 
margin of the Aar Massif which extends through 
the Molasse Basin (Ziegler, 1982, 1990; Gorin el 
al +T 1993; Ziegler et aL* this volume) and Jura 
Ihrust belt (Pfiffner and Erard, 1995). This is res¬ 
olutely opposed to our postulates developed above 
regarding a theory on Jura development. Although 
vve advocate a late basement involvement in Jura 
deformation, there is no compansion between Ihe 
amounts of horizontal shortening measured in fold¬ 
ed and thrust sediments and in the pre-Triassic sub¬ 
stratum where it is closed to zero. After having 
considered all possible angles and, keeping in 
mind, that all our interpretations hardly depend on 
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data available from the Molasse Busin, we there¬ 
fore see no other viable model except that of thin- 
skinned decollement on Triasfiic evaporites* i.e. the 
distant push model initially proposed by Lauhscher 
(1961) for the Jura’Molasse nappe. 
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1990b: modified) 
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1961: Laubscher, 1965; Bitterli, 1972; Martin. 
1987: Guellec et al, 3 990b: modified) 
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Enclosure 2 Regional balanced cross-sections 
through the Central and Eastern Jura (location 
on Fig. 2) 

ti° 5: Neuchatel lake - Ognon fault system 

n*6: Grenchen anticline - Rhine Graben (Bux- 
lorf, 1916: modified) 

n° 7: Aarau- Tafei Jura (MQhlberg, 1894; Bux- 
torfi 1916; modified) 

n° 8: Lagern anticline (Miihlberg, 1894: Muller et 
aL, 1984; modified) 


